The operating environment of gas centrifuges poses three basic experimental problems: rotating reference frame, corrosive effects of UF6 gas, and vacuum coupling. Diagnostic experiments in this environment effectively use fiber optics as laser transport systems and data extraction channels. Access to the interior of rotating centrifuges is only from a central nonrotating column assembly. Optical paths are often long and difficult to measure in static conditions with precision necessary in operating conditions. Residual traces of HF gas, from UF6, damage exposed optical components over time. Diagnostic measurements requiring pulsed laser sources and analysis of fluorescence emissions, both from UF6 gas and from temperature-sensitive phosphor are described, with emphasis on optical fiber components and experimental design configurations.
Introduction
Gas centrifuges are used in large -scale production of enriched uranium for the powering of reactors around the world.
The centrifuge method is also used for other isotope separation operations, and, applied to liquids, is used extensively throughout the medical, chemical, and other industries. In order to improve and properly understand the performance of centrifuge diagnostics, methods have been and are continuing to be developed.
The center of such activity for this country's gas centrifuge program is at Oak Ridge, Tennessee, in the Centrifuge Division of the Oak Ridge Gaseous Diffusion Plant, often called K -25. Figure 1 shows a schematic of a typical gas centrifuge using UF6 as the working fluid. Significant in the separative efficiency of these rapidly rotating cylinders are both the rotational speed -where the basic separation goes as the square of the speed -and the effectiveness of the countercurrent internal flow of the gas -where the process acts as a cascade.l Centrifuge diagnostics, then, are especially concerned with gas dynamics, flow processes, and parameters, such as temperature and density, which affect the flow. Many, if not most of, these measurements use laser methods. UF6 gas can be studied by laser-induced fluorescence, 2 and temperatures of surfaces can be measured by laser -stimulated phosphors with temperature-dependent emissions. 3 Lasers are also useful for fluorescencing tracer elements placed in the gas to study the flow.
In this coupling of laser methods with optical fiber techniques, the experimentalist is faced with the special difficulties presented by the operating centrifuge environment.
Gas centrifuge operating environment Figure 2 is a photograph of a group of centrifuges in operation at Oak Ridge. They are large vacuum casings in which the centrifuge rotors spin, and are coupled in a cascade arrangement by appropriate piping and valving.
Three aspects of this environment pose the most significant experimental problems: the rotating reference frame, corrosive effects 64 / SPIE Vol. 506 Fiber Optics in Adverse Environments 11 (1984) Laser-based data acquisition in gas centrifuge environments using optical fibers 
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of UF6 gas, and vacuum coupling.
Because of the high speed of the rotation, tens of thousands of g's are generated against the rotor.
Mechanical devices cannot be placed on the rotor walls without damage of crushing and, of course, no wires can be strung! There is, however, a central nonrotating post assembly (see Figure 1 Because of the high speed of the rotation, tens of thousands of g's are generated against the rotor. Mechanical devices cannot be placed on the rotor walls without damage of crushing and, of course, no wires can be strung! There is, however, a central nonrotating post assembly (see Figure 1 ) to house the necessary piping. This post can be used for experimental apparatus that is sufficiently compact. The UF6 gas, while reasonably stable, can react under a variety of conditions, and produce HF or other reactive compounds.
Over extended periods of time, corrosion can take place so protective precautions are needed in the design of diagnostic instrumentation.
Anything brought into the area near the rotor, inside or outside, has to be brought through a vacuum -tight seal. For centrifuges, this is an area of particular concern because a vacuum leak during operation could quickly cause catastropic destruction of the rotor.
In addition, vacuum feed -throughs must be designed so as not to be especially weak structurally, since a rotor accident could result in a rupture of such a weakness.
Fiber optics in diagnostics
Rotating reference frame Figure 3 shows a typical use of fiber optics inside a centrifuge. The assembly shown is used for measuring gas density.
A laser pulse is transported through the upper fiber and focused into a region viewed by the lens assembly beneath. That image is brought out of the centrifuge by a coherent fiber array.
The optical fibers in this case provide the flexibility needed as the instrument rotates or translates in its position on the central post. Also, that flexibility keeps the optical paths well defined regardless of the small motions of the post along the rather long axial range of the machine. Fiber optics assembly used for laser -based diagnostics inside a centrifuge.
Low -loss fibers, such as those used for the laser beam transport, can be used in virtually any length since the only important light losses are in insertion and extraction. The coherent arrays are more subject to loss, but have been employed effectively up to around 20 feet long. Another type of coherent array, made of low -loss fibers is available for longer distances.
Optical fibers are useful, too, in experiments concerned with the outside of the rotor. The relatively narrow spacing -a few centimeters -between the rotor and the casing is 66 / SPIE Vol. 506 Fiber Optics in Adverse Environments 11 (1984) for experimental apparatus that is sufficiently compact.
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Anything brought into the area near the rotor, inside or outside, has to be brought through a vacuum-tight seal. For centrifuges, this is an area of particular concern because a vacuum leak during operation could quickly cause catastropic destruction of the rotor. In addition, vacuum feed-throughs must be designed so as not to be especially weak structurally, since a rotor accident could result in a rupture of such a weakness.
Rotating reference frame Figure 3 shows a typical use of fiber optics inside a centrifuge. The assembly shown is used for measuring gas density. A laser pulse is transported through the upper fiber and focused into a region viewed by the lens assembly beneath. That image is brought out of the centrifuge by a coherent fiber array. The optical fibers in this case provide the flexibility needed as the instrument rotates or translates in its position on the central post. Also, that flexibility keeps the optical paths well defined regardless of the small motions of the post along the rather long axial range of the machine. Low-loss fibers, such as those used for the laser beam transport, can be used in virtually any length since the only important light losses are in insertion and extraction. The coherent arrays are more subject to loss, but have been employed effectively up to around 20 feet long. Another type of coherent array, made of low-loss fibers is available for longer distances.
Optical fibers are useful, too, in experiments concerned with the outside of the rotor. The relatively narrow spacing -a few centimeters -between the rotor and the casing is adequate for fibers configured in many ways. A good example of this is shown in Figure 4 , a probe used for a temperature measurement. It was designed to replace a part of a standard pryometer assembly, and was, therefore, compatible with the ports already in place on the vacuum casing. A 0.5 -inch diameter lens in the probe was used for both a laser -input fiber and an image pickup fiber: the whole optical arrangement, fibers and lens, was located in the space just outside the rotor and had radial adjustability. Fiber optics probe used for temperature measurements.
Corrosion
Optical fibers are particularly useful in the corrosive UF6 environment because, first of all, they are small in dimension and, secondly, because they are quite easy to protect by cladding. The small dimension is important because only a small portion of the fiber surface need be exposed to the most corrosive part of the centrifuge atmosphere -that near the inner wall. Also, the components, such as lenses and mirrors, associated with these small fibers can be made smaller, thus easier to locate and protect.
Many fibers come in resistant claddings. Others can be protected by teflon tapes and shrink tubing, or similar measures.
In some instances, however, windows of CaF2 or other fluorinated material are required.
In centrifuges, the corrosion is generally a long -term effect, requiring several days to weeks of exposure.
Fiber optics have a further importance because of that. Fiber end surfaces can easily be repolished, or the fiber can be reterminated or completely replaced with little difficulty for many setups. This simplicity, in addition to the low replacemènt cost, is often an important design consideration.
Vacuum coupling
Optical fibers are brought into centrifuges either through single -fiber couplings or through vacuum -tight windows. Figure 5 shows a simple amphenol fiber connector that works well as a vacuum seal.
In this case, a 600 -micron optical fiber has been passed through it. Standard vacuum grease or the fluorinated equivalent, used sparingly, is applied both to the connector seat and the section of the fiber sheath within the connector. A little tension on the tightening nut provides the squeeze to make the seal. Figure 6 shows a set of optical window housings used in a centrifuge application. Fiber bundles, both coherent and incoherent, were positioned against the windows (coherent plates or quartz) from both interior and exterior sides. Vacuum was maintained by O -ring seals. Alignment is relatively simple for most applications and most fiber configurations if the mating pieces, as in this example, are made with good machining tolerances.
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The sources and detector are usually outside the centrifuge, and perhaps quite a distance away. In one application, the stimulating laser is a YAG-pumped dye laid out on a large optical table in a room well away from the test centrifuge.
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